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For many years, defects in semiconductors have been intensively studied both theoretically and experimentally in various dimensionalities such as zero-(point defects), one-(line defects), and two-dimensional (stacking fault and grain boundaries) forms due to their ability to modify mechanical, electrical, and optical properties of the host semiconductors [1] [2] [3] [4] [5] [6] [7] [8] . Among these, point defects such as impurities are of particular interest because they provide control over the electrical conductivity by several orders of magnitude in the form of doping [4] . Recently, defects were also utilized to improve thermoelectric efficiency, which is described by the thermoelectric figure of merit ZT ¼ S 2 T=. Here, S is the Seebeck coefficient or thermopower, the electrical conductivity, T the absolute temperature, and the total thermal conductivity given as the sum of the electronic ( e ) and lattice ( l ) contributions, respectively. It is noted that while ZT > 3 is needed for thermoelectric materials to compete with conventional equipment, ZT has remained around 1.0 for many years due to the difficulty in optimizing S, and arising from their interdependence [9] . Okinaka et al. showed [10] that the Seebeck coefficient of TiO containing additional oxygen atoms exhibits a sharp increase by a factor of 80 compared to that of stoichiometric TiO, resulting in ZT ¼ 1:64 at 800 C, which is among the largest ZT values reported in this temperature range.
In addition to the improvement of thermoelectric properties in metal oxides, Heremans et al. demonstrated [11] that ZT of Tl-doped PbTe reaches 1.5 at 773 K which is twice as large as that of the best conventional p-type PbTebased alloys. This improvement in ZT results from an increase in S, caused by additional Tl-induced peaks in the density of states (DOS) . While the precise origin of the additional energy levels is still under investigation, these results are in agreement with theoretical considerations by Mahan and Sofo [12] , who predicted that a sharp increase in the DOS would improve thermoelectric efficiency by enhancing the Seebeck coefficient.
In fact, a broad class of materials exists that is known to be capable of achieving wide control over the electronic structures and DOS [13] . Such control stems from the alloying of isovalent but highly electronegativitymismatched constituents at dilute concentrations, forming a system known as highly mismatched alloys (HMAs). In HMAs, the hybridization between the extended states of the majority component and the localized states of the minority component results in a strong band restructuring, leading to peaks in the DOS and new subbands near the original conduction or valence band edge. These narrow subbands formed in HMAs have a heavy effective carrier mass due to their localized origin, and give rise to a sharp DOS distinct from those of the host material. The resultant modifications in optical and electronic properties have been studied for optoelectronics applications in Group IV, III-V, and II-VI HMAs such as Ge 1Àx Sn x [14] , GaN 1Àx As x [15, 16] , and ZnTe 1Àx Se x [17] . Although the potential for enhancing the thermopower is expected from such a restructured DOS, the nature and magnitude of the enhancement as well as the subsequent effect on the power factor has not been fully understood within an atomic-scale electronic structure framework. It is thus particularly interesting to understand and explore possibilities of impurity-induced peaks in the DOS with a view of improving thermoelectric efficiency, as it could provide another independent route to enhance ZT besides the widely adopted approaches that rely on reducing [18] [19] [20] .
In this work, ZnSe 1Àx O x is used as a model HMA to investigate the effect of a highly mismatched isoelectronic impurity (in this case, oxygen) on thermoelectric properties based on first-principles density functional theory
week ending 8 JANUARY 2010 (DFT) [21] . We consider two different concentrations (x) of O impurities (x ¼ 3:125 and 6.25%) which substitute Se atoms in a 2 Â 2 Â 2 supercell. It is demonstrated that O atoms introduce peaks in the DOS above the conduction band minimum (CBM), and that the charge density near the DOS peak is well localized around O atoms because of their high electronegativity. We predict that the roomtemperature Seebeck coefficient of ZnSe 1Àx O x is substantially enhanced compared to that of ZnSe due to the peaks in the DOS, which consequently results in a sharp increase in the power factor. Taken together, these results suggest that controlling features in the DOS via hybridization between impurity states and extended CBM levels could be an important direction to design new materials for improving thermoelectric efficiencies.
The total DOS of ZnSe 1Àx O x ( Fig. 1) shows that O impurities introduce peaks in the conduction band. For x ¼ 3:125%, a sharp peak appears at 1.1 eV above the CBM, which corresponds to a carrier concentration (n e ) $1:1 Â 10 21 cm À3 , while the case with x ¼ 6:25% has peaks at 1.2 and 1.3 eV above the CBM, corresponding to n e $ 1:3 Â 10 21 cm À3 and 2:3 Â 10 21 cm À3 , respectively. The projected DOS (PDOS) further reveals that these peaks are caused by the s states of the O atoms which are located essentially at the DOS peaks in energy [21] . It should be noted that while there are other peaks at higher energies, the peaks described here are of primary interest for thermoelectric properties.
The computed charge densities near the DOS peaks in energy show that the high density region is strongly confined around O atoms with a spherical distribution [21] . The charge density at the O-Zn bond indicates a distorted sp 3 character and is attracted toward O atoms due to the higher electronegativity of oxygen, leading to a strong hybridization between the O impurity states and states in the conduction band of ZnSe. As a result, peaks are induced in the partial DOS of the Zn atoms surrounding O atoms at the same energy as those of O s states.
The strong hybridization between the localized states of the O impurity and the conduction band states of the host material can be described within the many-impurity Anderson model [22, 23] , and results in the so-called band-anticrossing (BAC) effect [24, 25] , which describes a splitting of the conduction band into two subbands. As is seen from the computed band structures (Fig. 2) , even a dilute amount of substitutional O impurity in ZnSe causes significant BAC: while the conduction bands are highly degenerate with no impurities (x ¼ 0), for instance, the lowest band along X ! M and the second lowest band along À ! X [ Fig. 2(a) ] are well split for x ¼ 3:125% by BAC Fig. 2(b) ].
In order to understand the effects of O impurities on the room-temperature thermoelectric properties of ZnSe, we compute , and S from the solution of the Boltzmann transport equation by defining the ''transport distribution function'' [12] within a constant relaxation time approximation. It should be noted that while the relaxation time is taken to be energy-independent, it is given as a function of carrier concentration by fitting available experimental data of free carrier mobility [26, 27] for ZnSe through the wellknown Caughey-Thomas expression [28] . The conductivity and Seebeck coefficient are calculated by integrating the transport distribution over the Fermi-distribution window. Alloy scattering is neglected in the calculation of electrical conductivity. Figure 3 shows S and the power factor, S 2 , of ZnSe 1Àx O x as a function of carrier concentration for n-type doping. As is clear from Fig. 3(a) , S is very similar among different x values for n e & 3:0 Â 10 20 cm À3 , above which jSj is sharply increased with O impurity present compared to pure ZnSe: for x ¼ 3:125%, jSj is 30 times as large as that of ZnSe at n e ¼ 1:2 Â 10 21 cm À3 . It is interesting to observe that S changes its sign with O impurities as n e increases, which could imply technological importance because it provides a possibility to achieve 
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016602-2 both positive and negative thermopower in n-type ZnSe by tuning the doping levels. This peculiar behavior can be understood using the Mott formula [29] :
Here, ¼ 2 k 2 B T=3q with q being the carrier charge, k B the Boltzmann constant, and T the absolute temperature, respectively; ð"Þ ¼ Dð"Þfð"Þð"Þ where Dð"Þ, fð"Þ, and ð"Þ are the density of states, the Fermi distribution and the energy-dependent mobility, respectively, and the derivatives are evaluated at the Fermi energy, " F . It is not difficult to see from Eq. (3) that the variation in the DOS is likely to make the largest contribution to the change in S. Because O impurities introduce peaks in the DOS, dDð"Þ=d" becomes positive or negative depending on the position of the Fermi energy with respect to the position of the peak. This is more apparent for x ¼ 3:125%, in which case a -function-like peak in the DOS (see Fig. 1 ) leads to a sharp increase in S around n e ¼ 1:1 Â 10 21 cm À3 . Figure 3(b) shows the power factor of ZnSe 1Àx O x , which is significantly enhanced with respect to that of pure ZnSe by a factor of 180 in the peak region for x ¼ 3:125%. We note that this increase in the power factor arises from a relatively high for ZnSe 1Àx O x as well as large jSj values. As previously discussed, the charge density is strongly localized around the O impurity near the DOS peak, which normally implies significant reduction in although jSj is substantially increased. However, it is found that while is calculated to be 4:6 Â 10 4 S=cm for ZnSe at the energy corresponding to the DOS peak, it is decreased only by a factor of 5 to 8:5 Â 10 3 S=cm for x ¼ 3:125%, in contrast to the factor of 30 enhancement in jSj. This is due to the fact that unlike the DOS peak, which is derived from the localized O s states, carrier transport is governed by hybridization between the impurity wave function near the DOS peak and extended states of the host material, as opposed to hopping conduction between the impurity atoms.
It is of interest to see that while the case with x ¼ 6:25% also possesses peaks in the DOS, the resulting S is not as large as the one for x ¼ 3:125%, due to the fact that the power factor depends on the magnitudes of Dð"Þ [30] as well as its shape as proposed by Mahan and Sofo. As is seen from Fig. 1 , the DOS peak at x ¼ 3:125% bears more resemblance to a function, which was predicted to produce a maximum increase in the power factor [12] , than the ones for x ¼ 6:25%. In addition, the DOS at the peak for x ¼ 3:125% is about 8.2 times larger than that of ZnSe, whereas the case with x ¼ 6:25% shows an increase in the DOS by a factor of 5.7 with respect to the x ¼ 0 case.
It should be noted that the O impurity level, which is calculated to be about 1.1-1.3 eV above the CBM, is largely overestimated compared to experiments (0.2 eV above the CBM) [25] . This discrepancy originates from the use of a small supercell (64 atoms=cell) employed in the present work as demonstrated by Li and Wei, who showed that a relatively converged value (0.11 eV above the CBM) for the O impurity level in ZnSe 1Àx O x is obtained with a 4096-atom supercell [31] . While fully firstprinciples calculations with the same computational approach as in the present study are extremely challenging for such large systems, jSj is expected to be still largely enhanced with O atoms even when a larger supercell is considered because the DOS peaks will still occur due to a strong hybridization between the O atoms and extended bands of the host, as demonstrated experimentally [25] . Furthermore, if the DOS peaks are located at around 0.2 eV as shown in experiments, the required carrier concentrations for displacing the Fermi level to the DOS peaks would also be significantly reduced.
In order to quantitatively evaluate these corrections, we performed analytical calculations using the Green's function approach in an extended BAC model. Figure 4(a) shows the DOS of ZnSe 1Àx O x for x ¼ 0:03, calculated from the Green's function approach [22] using the experimental band gap of ZnSe and O impurity level [25, 32] . As can be seen, the O impurity induces a strong DOS peak in agreement with the first-principles calculations. Further assuming a constant relaxation time, S is calculated by employing the Mahan-Sofo formulation and presented in Fig. 4(b) . As is clear from Fig. 4(b) , S shows a similar change in sign and enhancement for ZnSe 1Àx O x as in the first-principles calculations: at its maximum, jSj of ZnSe 1Àx O x is increased roughly 28 times compared to that of ZnSe. However, the carrier concentration for the largest jSj is 1:7 Â 10 20 cm À3 , an order of magnitude lower than the DFT value, which makes doping for enhancing jSj more realistic and appealing. It should be noted that doping ZnSe 1Àx O x can be achieved by introducing halogen atoms: the computed DOS with 0.8% substitution of a halogen atom (F, Cl, Br, or I) at a Se site for x ¼ 3:125% remains essentially the same as without the dopants around the DOS peaks in energy [21] . 
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In order to further explore the role of impurities in this effect, we examined other substitutional impurities such as S with the same concentration as oxygen. Unlike O defects, however, no peak structures in the DOS are observed with S substitution. In fact, the DOS of ZnSe 1Àx S x is very similar to that of ZnSe. The dissimilarity in the DOS restructuring between O and S impurities in ZnSe arises from the difference in the electronegativity. While the electronegativity of S is 2.589 [33] , close to that of Se (2.434), O has about 48% higher electronegativity than that of Se. The highly mismatched electronegativity of O brings more electrons toward O, leading to strong DOS restructuring as discussed. We also calculated N-F dual impurities in ZnSe instead of two O atoms, and found that the DOS for ZnSe 1Àx N 0:5x F 0:5x closely resembles that of ZnSe 1Àx O x due to the high electronegativity of N and F, which implies a similar increase in the Seebeck coefficient and power factor.
In summary, we investigated the thermoelectric properties of ZnSe containing anion-substitutional O impurities through first-principles density functional theory and the Boltzmann transport equation. O impurities were shown to introduce DOS peaks within the conduction band, which make jSj and the power factor significantly higher than that of ZnSe at carrier concentrations corresponding to the Fermi level tuned to the peaks. It was also demonstrated that such ability to modify DOS by hybridization with an impurity is absent when the impurity's electronegativity is well matched with the host material. We note that this strategy can be extended to a wide range of HMAs, including those previously mentioned. Unlike PbTe:Tl, these HMAs are all composed of relatively abundant and nontoxic elements. As these HMAs are isoelectronic, introduction of free carriers would require codoping of additional active donors, or, alternatively, HMAs can also be formed with nonisoelectronic doping. These approaches could open a broad avenue toward a variety of abundant materials and new physics for scalable, widely tunable, high-thermopower thermoelectrics.
This work was supported by the National Science Foundation through the Network for Computational Nano- 
